€3

TN /3

-

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

TECHNICAL NOTE
No, 1383

A THEORETICAL INVESTIGATION OF HYDRODYNAMIC IMPACT
LOADS ON SCALLOPED-BOTTOM SEAPLANES
AND COMPARISONS WITH EXPERIMENT
By Benjamin Milwitzky

Langley Memorial Aeronautical Laboratory
Langley Field, Va.,

S E-TIBRARY Cop

Washington GED
wEF £
Taly 1047 0 1991

LANGLEY RESEARCH oF
| LIBRARY NASAC“NTER
e HAMPTON, ViRGINIA




. NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE No. 1363

A THEORETICAL INVESTIGATION OF HYDRODYNAMIC IMPACT
IOADS ON SCALLOPED-BOITOM SFAPLANES
AND COMPARTSONS WITH EXPERIMENT

By Benjamin Milwitzky
SUMMARY

An analytical method is presented for calculating the hydro-
dynamic impact loads and motlions sxperienced by seaplane fleoats
and hulle with scalloped (fluted) bottoms. The analysis treats
verticel Impact at zero trim in addition to the more general problem
of the step impact of a seaplane at positive trim where the flight
path is oblique to the keel and to the water surface. Also considered
are ithe approximations required to represpnt impacts into waves. .

The snalysis, which is applicable to flcats having cross sectlons
of any shape, considers that the flow about an lmmersing planing
bottom occurs largely in trensverse flow planes which are normal to
the keel. The egquations of motion are written in general terms and
require the determination of the virtual water mass as a function of
the depth of penetration of the kesl intd the flow planes. On the
basis of a simple modification of Wegner's expanding-plate apalogy,
equations are presented whereby the section characteristics, which
determine the virtual mass, may be calculated for any given float
shape., :

In order to illustrate the applicability of the analysis to
practical problems, time historles of the applied hydrodynamic loed
have been calculated for specific impact conditions and are compared
with Langley impact-basin test data obtalned in smooth and rough
wator with a scalloped-bottom sesplene float which ls representetive
of current commsrcial and service types.

INTRCDUCTION

Investigations conducted by the Natiocnal Advieory Cotmittes For
Aeronautics during the past several years have indicated that current
seeplane design specifications are inadegquate end thet more rational
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nmeans aye required for predicting hydrodynemic loads. In oxder to
provide further information on the problem of impact loads, an
analytical and experimental research progream is now in progress at
the Lengley impact basin, the theoretical phase of which has resulted
in the investigations presented in references 1 and 2, which deal
primarily with V-bottom floats.

The present paper extends the general investigation to Include
an analytical method for calculating the loads on scalloped-(fluted)
bottom floats, which is also applicable to floats and hulls of other
shapes. Interest in this problem was occesioned by failures in the
course of service operations of seaplane floats which had successfully
withstood statlic tests in excess of design requirements.

The enalysis presents the equations governing the vertical
impect of a float at zero trim in 2ddition to thoss for the more
general problem of the step impact of a seaplane at positive trim
along a flight path inclined Yo the watel surface. The approximations
necessary to represent impects into waves are also considered. The
equations of motion are written in general terms snd require the
determination of the sectlon characterisitics, which deflne the
variation of virtuval mess with penetrstion, for the float under
consideraetion. Based on & simple modification of Wagner's expanding-
Plate analogy, equations are presented from vwhich the section
characteristics may be calculated for any given float shape.

In order to illustrate the degree of applicebility of the method,
the results of celculations for several specific impact conditions are
presented in the form of hydrodynamic load-time histories and are
compared with corresponding impact-basin test datas cbtained in smooth
end rough water with the float shown in figure 1. This float, which
has a double scalloped bottom and conventional lines, is ryepre-
gentative of curpent commercial and service types.

. SYMBOLS
AiJ coefflcients in shape metrix for inmner scallop
BiJ coefficients in shape matrix for outer éciiloﬁ
a»'j coefficients in series expansion of u for inmer scallop
bJ @oefficients in series expansion of u for outer scallop

A aspect ratioc of immersed pexrt of float
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c wotted semiwidth at eny station along keel
F resultant force
g acceleration due to gravity
1 length of forebody
M total mass of gseasplane ( )
m virtual mess at eny station
niv_ impact load factor (— %)
8 longitudinal distance from a given flow plane to foremost
immersed point along keel
t time after contact
u expansion ratlc (df,/ d.c)
4t dt
v velocity o float
v local £luid velocity
VW translational velocity of wave
W total weight of seaplane
g distance perallel to keel
1 trensverse distance from axis of symmetry
¢ penetration of any cross section measured normel to keel
from wndisturbed water surface
b d ' horizontél distance |
¥ -tra.nsverse dlstance from axis of symetry (coincid.ent

with n)
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z + draft at step measured normal to water surface
B engle of dead rise

r flight=path angle

e angle of weve slope with horizontsl

o mass denslty of water

T trim angle

Subscripts:

o initial conditions

ch at instant of chine lmmersion

e effective ' _ : R
h horizontal

n noxrmal to keel

P parallel to kesl

T resultant-

a for cross section at step

gk at instant of "sister keelson' immersion

v vertical

calc calculated

mod .modified
ANATYSIS

When a long narrow chape such ag a keeled seaplane float or
Plying-boat hull penetrates the surface of a large stationary body
of water, the primary flow of the neighboring fluild tends to occur in
trensverse planes (reference 1) vhich are essentially perpendicular
to the length of the body, as contrasted with the largely longitudinal
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flow in the case of high-asnoct-ratio wings. In the present
enelysie the flow planes in the water are considered fixed in space
and oriented normal to the axis of the body, the effects of end
losses and longitudinal components of flow being included as an
aspect-ratio correction. This epproach simplifies the problem,
especially vhen the keel line of the float is not parallel to the
surface, since 1t permits the flow in any glven plene to be
considered a purely two-dimenslonal phencmenon independent of all
other flow planes.

The flow process within a particular flow plene begins when the
keel of the float vpasses through the water surface and penetrates the
plane. At all times thersafter, the momentum imparted to the water
in the plane is determined solely by the increase in the float cross-
sectional ghaps iIntersected by the plans and may be expressed as the
product of the virtual mass m, assoclated with the immersed cross

section and the velocity of penetration into the plane. In potential
flow the virtual mass is- determined by the intersected float shape
end may thus be considerea a function of the penetration { 1into the
Tlow plans,

When a seaplane contacts the water surface, the resultant velocity
is usually obligue to.the keel. Thus, in additlion to the wveloclty of
penetration into the flow planes (normal to the keel), a longitudinal
velocity component of consldersble magnituds will also usually exist.
In a perfect fluid, if the float is of constant cross sectlon, motion
noxmal to a glven flow plamns wlll not affect the growth of the
intersected cross section and its virtusl mass. The momentum of the
fluld in a glven plane thus depends only on the velocity of penetration
end is unsffected by motion of the float parellel to its axis. This
condition exists, however, only so long as the plane under consider-
ation remains in contact with the float. After the step has passed
through a particular flow plane, the intersected cross sectlon ceases
to exist and the plans becomes part of the dovnwash. In the absence
of gravity forces, the momentum in such a plane remslins constant
thersafter. As a result, the force acting on the float is governed
by the growth of the immersed shape end the motion normal to the keel,
while the total momentum lost by the float is distributed between the
water dilrectly beneath the keel and the downwash behind the step.

On the basis of the forsgoing application of ' the virtual-mass
concept, ‘the following sectlons of the analysis trsat the vertical
immerson, at zero trim, of a float of constant cross sectlon, in
addition to the more general problem of impact at positive urim along
a flight path inclined to the water surface. In both cases the welght
of the seapleme 1s assumed to be balanced by the wing lift. Also
conasldered are the approximate transformations required to represent
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impacts into waves. The egquetions of motlon presented have general
applicabllity to any float shape regardless of how the virtual mass
mey be determined. A subsequent section of the analysis deals
speciflcally with methods for calcéulating the virtuval mass for cross
gectlions of arbitraxry shepe.

Impact Noxmal Lo the Waler at Zero Trim

The simplest impact problem 1s that of the vertical immersion of
a prismatic float when the keel is parallel o the water surface. If
m, is the virtual mass in any flow plane, the total virtual mass

is m,l, except for end losses. From tests conducted wlth vibrating

plates, Pabst (reference 3) deteruined en end-loss correction to the

virtual mass. Thie factor may be written (1 ~2§- , whers A 1s the
A

aspect ratio. In the present problem, since the resultant velocity is
noxrmal to the keel, the same flow planes are in contact with the float
throughout—the impact process and the initlial momentum of the float is
at all times distributed between the float and the water directly
beneath. Therofore,

{= —— | = SN
- = - M
RS S AL

: 3 1 Gm, M, .rlA
. “"[( 55)&”215 55]
- - (@)

. o 112
M.[l+<1_.}_,}z..
] 2a/ M

The determination of m,  eand A as functions of the penetration,

as well as the solution of the equations of motion, will be discussed
in a subsequent section.
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Oblique Impact et Positive Trim

In an oblique impact along a flight path inclined to the keel,
because of the component of velocity parallel to the keel, the seme
flow planes are not always in contact with the float. As a result
of the consequent loss of momentum to the downwash, the inltlal
momentim of the float cannot be considsred distributed solely betwesn
the float and the water directly beneath the keel, as was assumed in
arriving at equations (1) and (2), which therefore apply only when
the resultant velocity is normal to the kesl.

Flgure 2 1s & schematic reopresentation of. the oblique impact of
a scalloped-bottom float at poslitive trim. The motion of the float
may be referred to the coordinates & , 71, and £, which are parallel
and normal to the keel, or to the coordinates x, ¥y, eand 2z, which
are parallel and normsl to the water surface. The point vhere the '
step first contacts the water surface is taken as the orlgin of the
latter coordinate esystem. In figure 2, § 1s the depth of penetratlon
of the keel (meassured normal to the keel from the undisturbed water
surface) into a given flow plans which is fixed iIn space. While ¢§
may be considered attached to the flow plane, the dimension t gy on

the other hand, is & measure of the penetration of the step and moves
vith the float. The draft at the step =z -dis a projection of &g

normal to the water surface. In an obligue impact, therefors,

§s=€'VPfG€nT (3)
In any flow plene the virtusl mass is m,. In the flow plane at the
stop, the virtual mass is designated m“s'

On a two-dimensional basis, the momentum imparted to the fluld
in any flow pleane is. mwf, ds. Differentiation of the momentum provides

the force contributed by a glven plane:
dr = (mwg + gfﬂ.‘v as (h')

For a keeled float at positive trim, i1f the small effect of the
scallops on the aspsct ratio 1s neglected, A 1s constant during the
impact and equal to tan B/tanT, vhere B is the average dead-rise
angle (fig. 2), so that the aspect-ratio correction factor is

1~ é—t%—ﬁzzé-). Integrating along the length gives the total Fforce
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on the float normal to the keel:

// §§ 1 by
W | tanr . tanT
F=',G.---—§E£1—> ¢ m, ds + { m, ds/
Since £_= tan T
g
l . LB . D 'mrs_
F=X{{] "mat+t o Ay, (3)
o \

where

: 1 - tan T
K - (l.._.__.)
tan T 2 tan B

During the impact the trim angle and the wing lift are asssumed
essentially constant, the latter being equal to the weight of the
geaplane W. Therefors, application of Newton's second law yields

{s
‘KZ "'K[Ef o, & +£2mw} (6)
g 0 8

For a float of comstant cross sectlon,

Ls ;s -
'[o My =f0 Mg g

Thus, the equation of motion may be written

o z o §2 mWB
; 'E_ . gs

(7)
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Since, for a prismatic float immersing in e frictionless fluid,
the rea.ction in each flow plene is normal to the keol, the total force
is normel to the keel. As a result, there is no longitudina.l
acceleration and the velocity compcnent parallel to the kesel g is
at all times constant eand equal to its initial magnitude Vp. Thus,

differsentiating equation (3) gives
e, ®

Applying equations (3) and (8) permi'bs equation (7) to be re-
written as follows.

gs mWs d'gs

£ (_f, +V, 'ban'r)e: }Ii_;_;/o’gsmws at,

()
0

Integrating eguation (9) and substituting the relationship between {
and -f's gives

e m———

P V.
B

" : 4
L1\ . £ . Kg |78
v ‘ban'r< Z—) log, o logy (1 + = £ mwS d_f,s
o

and

W Vo, N ~ Es
kg\ [ ° .l)" g s (10)

where

A=V, tent (-.—-VI -}-)
R ¢
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For convenience in comparing the theoretical results with
oxperimental data obtalned in laboratory testing, the foregoing
equations may be rewritten in terms of the coordinates relative
to the water surface. TFrom flgure 2 it can be readily ssen that

{’:=:'csin'r+icos'r ' (1)
é-:icos'r-ési_n'r

V.=V ¢ - 1 12
= h, ©08 T - Vy_8in T (12)

r

Combining equations (11) and (12) gives

P = ——+K (13)
coa T .
vhere

L}

Y, - V. tan sin

Differentiating equation (13) gives

=1, =2 o

Substituting equations (13) end (14) in equation (7) yields
\e
(2 + Kl cog T) mws

cosT‘f-; s d._f,)
Fo o Ve v

-Z= (15)
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and equation (10) may be written

%%_ o 1 et - 1= -ji n%gdis (16)
B\ % + K; cos T 0

where

N 1 1
p=K cosT : -
Vﬁo + Kl cogT Z + Kl cCOS T

Under certeain contact conditions the penetration of the float
maey become sufficlently great to require the determination of the
effect of chine immersion on the later stages of the time history.
The foregoing equations sare valld throughout the impact process and
are equally applicable after the chines have hecome submerged.

As the float penetrates a particular flow plane -the virtual mass
incremsses until the chines reach the water surface, after which the
virtual nmass may be assumed to remain constant and equal to its
magnitude at the time of chine immersion. Thus, after chine
immersion hes occurred the preceding equations maey be applied with
the following substitutions:

mwé ) mwéch
and _ | o
Jﬁ, ' aly = J£ Ty aly + mwsch(gs - gsc€> (17)

Appendix A contains working equatlons for the two types of
impacts treated in the preceding analysis in a form directly sulteble
for computation. The determination of the virtual mass ie besed on .
& method presented in & subssquent section of the report, which is
applicable to float crosa, sections of any shape.
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Impact in Rough Wetex

As a first approach toward the calculation of hydrodynamic loads
in seaway, the preceding analysis may be applied to rough-water impacts
if the initiel conditions are defined relative to the wave surface.
For trocholdal waves with large length-emplitvude ratio, the wave
profile may be simnlated by en inclined plane tangent to the surface
at the point of contact, which serves as the effective frame of
reference for the foregoing equations.

The preceding essumptions fall to consider the internal orbital
velocltles and dlsplacements of the fluld particles within the wave
and sre therefore approximate. At beat, the procedure should be
applied only to impacts where the float contacts the wave about half
way between trough and crest for those cases vhere the trim ls equal
to or greater than the slope of the wave.

The initial effective horizontal velocity (parallel to wave
slope) is given by

V. =[V, +V., )cose -V, gin 6 18
heo ( ho Q) Vs ( )

and the initial effective vertical velocity (normal to wave slope)
is . B}

v =f{V, +V }sinéo + 7V cos 6 1
Voo ( h, w) Yo (19)

whers Vﬁ is the translational velocity of the wave and 6 1a the

angle of the wave slope with the horizontal. The effective trim
reletive to the wave is

Te =T =6 + (20)

With the effective initial conditioms Vy, , Vy_, and 7
g . =00 e

replecing the smooth-water conditions Vh sy Vyo, end T, ‘the foregoing

equations of motion may be considsred to apply to impacts into waves
) within the restrictiens noted.
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For comparison with experimental date representing the actual
vertical motion of the seaplane, the effective magnitudss of the
vertical displacement Zg, vertical velocity ze, and vertical

accelsration Ze calculated by application of ‘the foregoing

oquations may be converted to the corresponding components relative
to the true vertical axis by the relationships

== - ! - S 2
Z=Vy b+ (%e' v;eoﬁ) (1n ten T, ten e) cos 8 (21)
z2 = Vvo + (ée - Vveo)<l - tan T, ten 9) cos & (22)
and
2 =%, (l-ta.n Tetan&) cos @ (23)

‘Determination of the Virtual Mass

The preceding equetions of motion have been written in general
terms and are appliceble to any float shape; however, before practical
impact solutions can be obtained for & specific float, the virtual
mass of the cross-sectional shape under investigetion must be
determined as a function of the penetration. Because of & number
of mathematicel obstacles, & rigorous determination of the flow about
such lmmersing shapes 1s quite difficult and general solutions have.
not been obtained.

. In the specific case of the V-bottom, where the ilmmersed cross-
wectional shapes in a glven flow plane are always similar and the flow
patterne at different degrees of penetration may be considered models -
of each other, the virtual mess can be determined from the results of
an lterative solution e by Weener (reference 4) to calculate the
force on a V-shape of 18° deed rise immersing with cohstant velocity.
The results for the particular case of 18° were extended to other
dead-rise sngles by the equation '

;.“ | f’ci'>emd2

i

-
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The virtual mess corresponding to this equation may be evaluated
quite slmply by recognizing that, for conatant-velocity penetration,
the force is due solely to the increase in virtual mese accompanying
the enlerging flow pattern and, according to equation (4), is given
by gm.‘ . By equating lTagner's force equation with the quantity

'gﬁw and integrating, the correspohd.ing virtuel mass for the V-sghepe
5 .
is found to be (L -1 -QEQQ
28 -2

In reference 1 a comparison of this value with planing data for
V-vottom floats having different deasd-rise angles indicated that an
empirical factor of 0.82 should be applied to the viriusl mass.

The introduction of this factor gives a modified value for the
virtual mass .

m, = 0.8 (-21; - 1)2 B - (2h)

Applying equatlon (2h4) therefore permits the force on a two-
dlimensionel V-shape immersing with variable velocliity to be
determined, as

F=0.8 (E%— )2%-@2§+2§§2) (25)

.

In the case of more complicated cross sections, however, such
asg those of scalloped bottoms or flecats with chine flare, the immersed
shape in eny flow plane may vary quite irregularly with penetration,
thereby precluding the use of equation (24) for the determination of
the virtvel mass. TIn view of the present lack of a more exact solution
for the flow ebout immersing curved or scelloped cross sections, the
expanding-plate analogy proposed by Wegner in references (4) and (5)
may be applied. This approximation assumes that the momentum of the
fluld disturbed by an immersing shape is equal to that of the fluid
on one side of an expending plate in submerged motion having the
same veloclty as the immersing shepe.

The substitutlon of a flat plate of verying wldth for the actual
shape 18 based on the concept that the primery disturbence of the
fluid sbout an immersing form tekes place in the immediate vicinity
of the surface and is due largely to the expansion of the wetted width.
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Thus, the virtual mass of an immersing cross scctlon may be taken
equal to half the value for a plate in submerged motion; namely,

"___ pIrG2 . 6
o, S | | (26)

where ¢ 1s the semiwldth of the effsctive plate.

On this basls the problem becomes one of determining how the
effective width of the plate varies as the actual cross section
immerges. This veriation may be considered one of the section
characteristics of a given float -shape.

Calculation of section charascgteristics.- Farly attempts +to

approximate the virtual mess of V-shapes d1d not consider that the
water rises along the sides of en immersing body gbove the level of
the original surface and gimply assumed that the width of the
equivalent plete wes equal to the width of the actual cross section

in the plane of the undisturbed water surface. In impact calculations,
neglect of the rise’ in determining the virtual mass may lesad to
erroneous resulis, especially in the case of scalloped bottoms or
floats with reflexed chines where, under certain conditions, infinite
loeds may be predlicted on the besis of this assumptlon.

. In order to consider the increase in wetted width erising from
the disturbance of the free surface by the penetration, it may be
assumed, as in references 4 and 5, that the fluid particles at the
surface move vertlcally upwerd and, differences in elevation being
neglected, thet the veloclty distribution at the surface corresponds
to that in the plene of a flat plate in submerged motion. By
integration of the distributed velocities, the equation of the free
surface, the rise of the water in the vicinity of the immersing shape,
and the resulting wetted width may be determined. Because of the
simplifying assumptions involved in this procedure, the calculated
variation of wetted width with penetration mey be improved by the
application of a simple modification subsequently dlscussed.

On the basis of the foregoing, concepts, the equations for
determining the sectlion characteristics are derived by considering
the increase in wetted width in a given flow plane due to the
disturbance of the free surface. Filgure 3 is a schematic representation
of a scalloped cross section in the process of immersion. The general
equations governing the entire immersion process may be derived by
considering the situation at some time after the sister keelson has
become submerged.



16 o NACA TN No. 1363

The wetted semiwidth (determined by the intersection of the
disturbed free surface and the cross section) 1s denoted by c¢. The
local vertical velocity v, relative to the float, of a particle in
the free surface at e distance 1 2¢ from the_axis of symmetry is
given in terms of the velocity of penetration { by the egquation
for the velocity dlstribution in the plene of a flat plate:

Uce

Vom o (27)

At any instent after initial contact, the vertical. displacement
of the particle from the kesl is . f(n, © 5 (See fig. 3.) At the
instant of immersion of the sister keelson the displacement )
is ¢ (m, tg): At any later time, therefore, the rise of the free

surface from the keel 1s given by

%

ﬁd.‘b

g(n, t) = ¢(n, tgx) + / /7 ' (28)
2

Equation (28) may be evaluated by consid.ering ¢ the 1ndependent
variable; thus

— dc :
dc/dt
dofay ' | (26e)

e(n, &) = ¢(n, bex) +

BRI e - Lt . _ -

d
snd expanding the ratio § = —'tl = u{c) as a power series gives
L defat de
3 v,
u(c) bl + 'b2c + b3c + 'b,_,_c +‘D.—c oo e (29)

The expansion is carried to five terms in order to provide sufficient
accuracy for typical float cross sectlons.
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Substituting equation (29) into equation (28a) and integrating
results in the equation of the 'free surface with reference to the keel:

g, ) = g(n, t5) + _{bl’.‘- sin‘l_f; - ban n° - c?
+'b3n(-g- sinlﬁ-g-vna. -c2>

n

o > _ 2)3/2 |
.+bm{iﬂ : c) -2V - 2
3

b =% 2 L
- ..._5._. c¥n - ce ((;2 4 23..) - iﬂ-— gin l_c_
2 T2 R |
C

L

e (30)
Csk ' '
At the float contour c¢ = n; therefore, evaluating equaetion (30)

between the limits and substituting gives the displacement from the
keel of the intersection of the free surface and the cross section:

: c
T Co- sk : l/ -
g(c) = Q(C, tsk) + bye (E = 8in * ——) + boc c® - cske.

3

c
Sf{m L ogip™t 8k}, sk f2 2 :
+ b3c B (2 sin c) + 5 fe csk:l |
- 3/ .
T 2 . 2
+ bye c>2 e - cske - (C cSk)
= 3 -
PsC ) 2 | 32}, 3ot -1 %sk
+—2- ¢ c c c P30 3C fE Ly +
gk sk sk
y 2/ 2 .
(31)
The coefficients 'bl-,. 'o2 » + + + may be eveluated by the solution of

the system of equations formed by the subestitution in equation (31) of
the coordinates cq, ¢(cq); oo, §(°2)5 +.+ « of several points
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chosen on the contour of the scallop. This system of equations
may be conveniently written in the matrix notatlion

8., B., B CoB ) e /th ()] ~w
11 B2 Bag v v s P | P1 ) ((eldy
Bag Bopy Bog o+« Bo | I D at(e)]
1732 n
3 3 33 - 3 = 3 . (32)
Bt Bap Buz ¢ ¢ 0 Bun | | P LE&sg(c)]m
— - - - P
vhere
-1 csk
Bil = ci('é- - gin ;;—)
2 .. 2
Byz = Gy 017 7 ey
r-cje/ﬂ -1 cslc c k 3
Big=¢y =~ 8in *‘%) + == ffos® - oy
2 \e oy 2
- 2 /2
2 _ 2\
B 2,/ 2 _ 2 _ (Ci Cok )
th =% |% VO T Cak -
e - -—
2 kg
c 3¢ 3ey
3 2 _ . 2 2 -1 T -1 sk
Bi5 —T cSk Ci . cEk (cSk + 2 ) + el S-in. -6‘;

and so forth, and ; o L.

EAt,(c)J = gles) - Loy, tex)

The coefficients determined by the solution of equation (32) allow
the calculation of wu(c) by equation (29). From the definition
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of ufc), the rélationsh;p botween the penstration of the cross .
section { (distence between keel and undisturbed water level at
infinity) and the wetted width is given by -

e o AR

':, . . * . .
.-b_- . -b l . -b . , ,
* ‘3'3 e - °sk3> +Ih(°h i OSk'h)- +-5§(°5-" cs];?) +eee (33)

from which the section charscteristics may be computed.

The preceding derivation is general and epplies to any given
scallop regardless of the shape or the number of discontinuities
comprising the cross section. Before the section characteristics
cen be calculated for the immersion of & given intermediate scallop,
however, the free surface existing at the instant of initial pene~
tration of that scallop must be determined by application of the
foregoing equations to the preceding scallop.

Fo::; example,. In the case of a second scallop the guanti-
ties  pley, tsk) and (. must be,respectively,determined for the

time of sister keelson immersion from eguations (30) end (33) applied
to the Tirst scallop. This solution in turn requires the evaluation
of the coefficients for the first scallop, a procedire which is very

. 8impls since the water surface is initially flat and {(cy, tg) equals
Zero. - : .

For convenience in application, appendix B contains working
equations from which the section characteristics may be directly
calculaied for each scallop of a double-scalloped float. The equations
for determining the section characteristics of the first scallop are
similarly appliceble to float bottoms having chine flare and no
discontinuities between keel and chine. . :

The unmodified curves in figures 4 and 5 represent the section
characteristics calculated for the cross section (station SF) at the
step of & conventlonal scalloped-bottam float, the shape of which hes
been determined from table I and figure 1 and is also shown in :

.Tigure L. The section characteristics computed by the foregoing
Procedure may be improved by the incorporetion of a simple modification.



20 NACA TN 1?1‘(;. 1363

Modd £ on of ge heracteris 5.~ Becauge of the
complexi'by of en exact solu’oion for the flow sbout an Imersing
irreguler shape such as & scalloped bottom in the wicinity of a
free surface,the section cheracteristics have ‘been approximated by

employing Wagner 8 expanding-plate analogy. In view of the
simplifying assumptions involved in this method, the calculated

results may be improved by the introductlon of e simple modificetion
which results from & compamison of the virtusl mess caloulated by
application of the flat~platée gnalogy to the case of the V-bottom
with the value given by the previously mentioned empirical
correction of the results of Wegner's iterative solubtion for the
same case.

T+ hes been previously pointed out tha,{; calculations based cn

a valus of the virtual mass eq_ual to 0.8 (—-— l) -9—-—g have

o
given subgtantial agreement with tests of a V+~bottom float of 22%
angle of dead rise (reference 1). If this quantity is interpreted
. -
pne

to correspond with the virtual mess on one slde of an

effactive plate of width 2¢, the relaticnship between the semiwidth
~of the plate and the penetration of the V-shape is given

"byvo=\/5.§é(~—-—- )g

5 On the other hepd, the application to the V-bottom of the flat~
plate analogy employed herein results in & somewhat different
variation of width with penetration; namely, c =(’2L cot ﬁ)g Thus,

for a glven wetted width the peneima‘bz:z cals:ulated by the flat~-
-1
B

cot
5 ot 8

times that obtained

plate anelogy for a V-shape 1s

rrom the empirical correction of the 1terative solution.

In the case of an irregula.r cross section such as tha.t of a
scalloped -bottom £loat, the modification vequired to correct
properly the section chara.cteris'bics calculated by application of
the flat-plate analogy 18 obvlously e veriable depending on the
shape and penetration. In view of the present lack of =z more exact
procedure, however, it is suggested that the preceding ratio be
applied as a first approximation, at least until further refinements
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cen be effected in the method. The previcusly calculated curves
of { end u(c) against o therefore have bsen modified in
accordance with the relation o

"’ér-cotﬁ
~ gmod..=_,r__l gcalc

- 25

(3%)

where P ig teken as the average dead-rise engle (fig. 2). The
factor 0.8, which has been cmitted from the modificaticm, is
included ag part of cme of the constents ih the equations of motion
(eppendix B). The modified section characteristics for the
scalloped-bottom float investigated are presented in figures 4 and 5.

) By application of the relationship between the virtuel mess and
the width of the equivalent plate (equation (26)), the modified sectlon
characteristics for a particular float can be used with figure 6
and the equations of motion given in appendix B to calculate time
histories of the hydrodynamic loasds and motions experienced by the
'seaplane for as meny impact conditions as may be desived.

APPLICABILITY AND LIMITATIONS

In view of the fact that the present analysis considers a float
of constent cross section, there mey be some gquestion as to the effects .
of the pulled-up bow and afterbody in applications to conventional
floats. Although the longlitudinel warping of the float may be
teken into account by more complicated equations, it appeers that,
. since conventional floats end hulls.are essentially prismatic for a
considerable distence forwerd of the step, the bow will not cause
any lmportent deviation of the loads Pfrom those calculated on the
besis of constant cross section for normal impacts at positive
trim (reference 2).

The afterbody, on the other hand, may exert a much more

pronounced influence on the motion of the seaplane s, particularly

in lsboratory testing where, as is sometimes the case, the trim of
the model may be fixed at very high positive angles. Under such
conditions the load is teken almost entirely by the afterbody while
the forebody mey not becoms irmersed to any apprecieble degree until
after the meximm acceleratlion hes been attained. A+t the lower trims
assoclated with etep impacts, on the other hend, the depth of step,
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the keel angle "of the afterbody,and the relatively high longitudinal
velocity apparently combine to shield the afterbody so that it
carries very little load in comparison with the forsebody.

Similarly+in flight impacts, even though the landing approach ney
be made at high txim, the initial contact eft of the step generaelly |
results in a downward pltching of the seaplane to the extent that )
the mein impact occurs at reduced trim and corresponds to a forebody
impact. The equations presented may thus be consldered to represent
approximately, free-flight impacts at high trim if the initial
conditions ar taken to correspond with those at the beginning of
the main Impact.

COMPARTSON WITH TEST DATA AND DISCUSSTON

For the purpose of comperison with experiment, motion time
histories have been calculated for several sets of inltiael conditions
corresponding to impact-basin landing teste in smocoth and rough
water of a full size scalloped-bottom float. Reference 6 describes
the Lengley impact basin and 1ts equipment. The ell-metal service
float used in these btests hag wnderwater lines (see table I and
fig. 1) very similer to those of representative service and
commercial types. In all cases, the complete float, including after-
body, was tested at fixed itrim with a dropping weight of 1350 pounds.
Wing 1lift wes simulated by the action of a mneumatic cylinder,-which
was designed to apply & constent upward force to the float equal to
the dropping weight.

Figures 7 to 1k present comparisons betweern calculated and
measured time histories for verious impact conditions. In the
figures the accelerations have been converted to impact=load
factor ni in multiplee of the acceleration of gravity.

In figure T the calculated and experimental veriations of load.
with time are shown for an impact normsl to the water surface at
zero trim. In this case the tesgt date were obtained by means of a
dynamometer truss having an estimeted natural fregquency of the order
of 100 cycles per second. The calculations were based: on the modified
section cherecteristics presented in figures L and 5 and employed en
average forebody length of 6 feet to take into account the longitudinal
curvature in the bow regian- ’

Since verticel .drop at zero trim is the closest practical
approximation of & two-dimensional impact and does not involve the
loss of momentum to the downwash, the agreement between the theoretical
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and experimental time histories for this case may be considered a
direct indication of the accuracy with which the virtual mass has
been determined. In figure 7 the comparison indicates substantial
agreement throughout most of the time history and shows the very
sharp increase in load as the sister keelson penetrates the surface
and a second peak of lesser megnitude at the instant of chine
immersion. An unexplained irregularity of the oscillogreph record,
however, indicated a fluctuation at t = 0.045 seconds which is
not predicted by the theory.

Figures 8 and 9 present time histories for an oblique impacth
in sm.oth water at 3° trim. The experimental data for this -
conditlon, as well as for all other obligue impacts presented, were
cbtained by means of an NACA accelerometer having a natural frequency
of 21 cycles per ssccnd. Although the comparison in figure 8 shows
good. egreement during the early staeges of the impact, the acceler-
ometer indicated a continuing increase in load beyond the theoretical
peak. -

Although the response of the accelerometer to the calculated
impulse has not been evaluated, at least some.of the overshoot is
believed due to instrument error or locel vibration. A comparison
in figure 9 of the displacemsnt and velocity time histories,
measured Iindependently by means of a varisble resistance slide wire,
shows good agreement between the calculated and experimental time
histories. .

In an attempt to evaluate the accelerometer record further, the
measured acceleration time history was integrated mechanically and
the veloclty variation thus obtained was compared with the calculated
veloclty time history and that measured by the slide wire. The
comparison showed that the three velocity variations egreed very well
up to the time when the accelerometer record deviated from the
theoretical accelsrations but that after this time the velocity
curve derived from the accelerometer record indicated a more rapid
decrease in velocity than those .showvn by the theoretical and measured
velocity time histories. On the basis of this comperison it appears
thet the peak accelercmeter readings were high and that the actual
eccelerations were closer to those predicted by the analysis.

In figure 10, a comparison of the acceleration time histories
corresponding to an impact in smooth water at 7° trim and medium
flight-path angle indicates fairly good agreement between the
calculated and measured loads during the impact. The theoretical
curve closely follows the accelesrometer record and both exhibit the
slowly rising load during the initilal stmges of the impact, the rapid
increase Just before immersion of the sister keelson, the reduction
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in the rate of increase of load as the outer scallop becomes immersed,
the occurrence of maximum loed &t the time of chine immersion, end -
the steady decrease in load ac_companying further penetration.

A similer comperi son is presented in flgure 11 for another
smooth-water impact at 7° trim but at lower flight-path engle. .The
agreoment ls fairly gocd except in the region of maximum acceleration
where the experimental data indlcate a sudden drop in loed which is
not predicted by the theory. Although the behavior of the float
denoted by the accelerometer in this region would appear to be
unlikely, because of sxperimental inaccuracies. the aource of the
discrepency cennot be definitely determined at tho present time.

Time historlies which have been calculated for two conditions
corresponding to impacis inte waves are compered with experiment-in
figures 12 and 13. In both cases the wave length was 60 feet and

- the wave height wag 2 feet. . Figure 12, whish presents date
corresponding to an impact-at 109 trim, shows surprisingly good
agreement with experiment, inesmuch as the.assumptions involved in
the analysis. consider the surface of the wave to be aimlated by en
inclined plene. In Tigwre 13, which represents a rough-water impect
at 7% trim, the agreement is not quité as good beyond the time of
maximum a.ccelera:bion.

In ordexr tcrillustrate the manner 1n which seaway may affect
the applied loads, ths calculated and experimental data of figures 11
and 13 are combined in figure 14. The two time histories shown »
represent impacts made in smooth and rough water under similar
approach. conditions and indiocate that for the specific conditions
presented the maximum load in rough wabter was. somévhat more than
three times asg great as thet encountered In the corrssponding smooth-
water landing. I‘urthermore the tims required for the load to reach
& maximum after contact-was about twice as great in emooth water as in
the partlcular peeawey conditions considered. -

Since the calculated results are based on a prismatic forebody,
the comparisons with experimental date mey be teken to indicate that,
for conventional float configurations, the warping of the bow ls
not important and that the effect of 'hhe afterbody ls emall within
the range of. trim angles believed to be represent,ative of the main
fore'body impact in f£flight landings. :

In connection with the behavior of the float during the later
s*bages of the impacst, a further examinetion of the time histories
indicates that the measured reducticn ‘in load after chine immersion
occurred seenms to be more rapid than-that. indicated by the theory.
While the analysis dncorporated the simplifying assumption that
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after the chine penstrates a given flow plane the virtual mess in

" the plene remains constant and equal to its magnitude at the instent
of chine immersion, additional study mey lesd to & more rigorous
method for treating such immsrsion beyond' the chine. .

Although it has been pointed out that the local rise of the
water should be considered in calculating the virtual mass, use of
the geometric shape of the floatmay suggest itselfasan approximation
for the celculated section characteristics: Time histories which
have been computed on this basis are presentéd in figures.12 and 13
where they are designated "no rise" in order to distinguish them
from the solutions previously discussed which are labeled "rise’.
Although no lerge discrepancies exist during the early stages of
the impact, apprecleble differences between the calculated results are
apparent after immersion of the eister keelson. For other conditions,
even greater differences may be encountered. At zero trim, for
instance, because of the instantaneous expansion of the intersected
width, the assumption of a flat water surface (no rise) leads to the
calculation of infinite loads on the float. -
In view of the fact that present informetion is not sufficient
to permit the determination of the conditions and shapes for which
the rise msy be safely neglected, it would appear that the calculation
of the section characteristice is desirable. Since it 1s usuvally of
intersst to calculate a number of impact conditions for a given float,
the additional effort required to obtain the section characteristics
should not be a serious drawback.

CONCLUSIONS

An enalysis was made to determine the hydrodynamic impact loads
experienced by scalloped-bottom seaplanes in smooth and rough water.
Although the agreemont of the calculated results with specific test
date 1is encouraeging, e quantitetive assessment of the method must
necessearily be restricted by the very limited experimental data
available. From such information it appears that:

. 1. On the basis of the analysis, which assumes that the

primery flow occurs in transverss planes and that the virtual mass

in any flow plene ls determined by the modified section characteristics,
e falrly good representation of the load-time variation during
immersion may be calculated for vertical impacts at zero trim, as

well as for the more general case of lmpactis at positive trim along
flight paths inclined to the keel and to the water surface.
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2. The analysis may be applied to smpproximate impacts in rough
water if the initial conditions are teken relative to the wave slope.

3. For cori{rentional float configurations no seriocus discrepancies
are Introduced by neglecting the warped bow and considering 'bhe float
to have constant cross section.

L. TFor the trim angles which are belleved to 'be repregentative

of the main forsbody impact in flight lendings the afterbody seems
- %o have little effect on the loads.

Langley Memorial Aercnautical Laboratory
National Advisory Committee for Asronautlics
Lengley Field, Va., April 16, 1ght
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APPENDIX A
WORKING EQUATIONS FOR CALCULATING SECTION CHARACTERISTICS

The section characteristics, vhich determine the variation of
the virtual mass with penetration into a given flow plane, may be
calculated for any arbitrary floet shape by means of the foJ_'Lowing
equations:

First scallop:

. . ‘ . 5 3 g |
El(c):linner =8y + 850 + 8307 + @pcT +agcT 4+ . . . (A1)
and
gsls: ' 2 3 4 5 °
c c c c
The cpefficients "8y 8g, + . 8Ye obtained by solution of

the system of equations represented by

[— : . D — . — T e -
All 12 13 coa e AL g gcq)
Boy Bop Bog + + v - App| JEp tlcp)
A3l 32 : 33 e e Agy eg | = g(cs) (a3)
f‘ml Am2 Am3 . . . AII?IIJ._ —an1 _g(cm)-
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where
T
Ay =254 . -
= .2
Bio =0
T
Az =7 cy3
2 &
B =3 %
i5 16
end Cy, §(°i) ere the coordinates of points chosen on the contour

of the inner scallop.

The preceding equations are also applicable to floats and hulls
having no discontinuities between the keel and chine.

Second scallop:

[6(07] ey = Py * Po® + B30 * byod # bgct 4 o . (AR)
and g |
ch b ‘ . b
2 .
¢ (" b * P1(C - Car) * 5 (@ - ogi®) * ‘3‘3' (@3 cqid)
sk :
b _ B
+Tfh' (¥ - o) +.§_5. (D - cgd) + » - - (A5)
where
2 3 c c .D

c c
= _sk sk 8k sk,
gsk By Cgr * 22 o + eg 3 + &) L + a5 5 e
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The ccefficients by, by, . . . are cbtained by the solution
of the systes of oquations represented by
—~— ‘ — —. - r o ~
Byy Bia Byg o - - Byl ou | [[Btle}
Ba1 Bop 23 « + +Bonl P [aged 5
BB « e B__ 1 {r.t(c
31 32 33 3n 2 { =< e ) 35 (26)
E Byp Bmy + ¢+ By 'bn L[Aﬁ(cﬂm
where '
i -1 sk
B = ¢c;{= - sin
i1 1(2 - ey )
-2
Bio = ¢y Joi - oy
B =°g‘f£‘sin-.ln_§__é +(-=-s—— c_ '02]
137 H0\e oy o (% T sk
. cg_'c 2)3/2—‘ R
2 2 2 _\1 sk
Billt = c:l ci, Sy Cgk
. : 3 _
c - 3¢, 3¢ -
=1 2 R i 1 - 1 sk
Bi5 = Ge|%k I 7 Cex <°sk T2 2) T2 (S- . °1)
[at(e)]; = tloy) - tloy, ty)
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and

c me————
- -1 sk . 2 _ 2
g(ci, tsk) = 890 gin ;—;— a2c1<‘/ci Cgk " ci)

Ic.2 c C . [
1 -1 sk _ 8k [, 2. 2

+ a3ci ——é— sin o P ‘/ci Cok

_ . )
’ oy - °sk2)3/ 2 B . 2,23
+ 8yCy :-"—_—'5—'—* - ¢y [/ci T Cox -é—ci

5%y i 2 2 ( 2 - 304"

T | e foi " %k \Cex * T

+_—_-Ein —— + L
2

end ¢y, ¢t{ci) are the coordinates of points chosen on the contour
of the outer scallop. -

The same method may be applied to obtain similar equatlons for
£loats with any number of scellops or discontinuities by determining
the shape of the free surface at the instant of initlal penetration of
the scallop in question from the coefficients for the scallop
immediately preceding.

The section cheracteristics calculated by applicetion of the
preceding equaticns may be modified In a.cc_ord.ance with the relaticn

X
zcotB_

Cmod = T -1 Coatc (A7)

28
as previously discussed. The factor ¥0.82, which hes been omitted

from the modification, is included, as part of one of the constants
in the equatione of motion (eppendix B).
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APPENDIX B !
WORKING EQUATTONS OF MOTTON AND SOLUTION OF TIME HISTORY

Before perticular solutions are undertaken to calculate. the
loads and motions experienced by & specific float for given lmpact
conditions, the modified sectlon characterlistics must be determined
by means of the equations presented in appendix A. The section
characteristics are properties of the float and mey therefore be
applied to the calculation of time-history solutions for as many
impact conditione as may be desired.

On the basis of the flat-plate analogy

m, = 0.8 & Lcmj (B1)

where [c( )] 1s determined from the calculated section
mod

characteristics as modified in accordsnce with equation (A7). The
factor 0.82 1is the empirical correction determined by reference 1
vhich has been omitted from the modification and is included instead
as a constant in the equations of motion.

Differentiating equation (BL)

dm,, 0-&@[0(@)}
it = 0ol it Bl -
“mod

In the equations which follow, [ofg )]mod end fu(e)] , wilL

be referred to as c¢ and u, respectively.

Tmpact Normal to the 'Wa.'ber at Zero Trim

At zero trim the. wetted area of the float in the plane of the
water surface is rectangular, therefore, -
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and. 2 de
aan _ _ af L1
at 202 2uc?

Eguations of motion.- If the foregoing expressions for the
virtual mess and the aspect ratio are incorporated, the equations
of motion (1) and (2) for an impact normal to the water at zero
trim mey be written as _ ’ : '

i"-KQO: ' I (B3)
L+—=(1 = c)c2
M

and,

X3
- =

Iizio.t,(zz - 30)o - -

2
Mu{_l + K—2(1 - c)ce]
M .

where

- o
Kg_o.ae 5

Time -history solution.=- After the modified section character-
istics have been calculated for the float under consideration by
means of the equations of appendix A, specific time-history solutions
of the variables may be obtained without recourse to step-by-step
methods by the following procedure: .

(l). Calculate the censtants from the Inltial conditions.

.(2) BSubstitute successive arbitrary valus of the velocity
into equation (B3) to calculate the corresponding values

P <
E3¢,
o] For any value of c the magnitudes of ¢ end u are fixed

£ ec.
by the section characteristics.

(3) With the values __of the variables celculated in step 2,

solve equation (B4) for ¢
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(4) Calculate a sufficient nmumber of simultaneous velues of
displacement, velocity, and ascceleration to define the motion
during the impact. (After some experience has been attained in
selecting the velocities, only a relatively small number of points
need be computed for sach solution. )

(5) Integrate the variation of l/§ with { <to obtain the
time after contact at which each combination of the variables occurs.

(S Obligue Impect at Positive Trinm

Eguations of motion.- For the more general problem of .a step
impect at positive trim along an oblique flight path, incorporation
of the foregoing expression for the virtuel mess Into equations (15)
and (16) leads to the following equations of motion:

052 Z + K cos 1->2
"z = — : (B5)
. cos 76{3 +j cs at >
and ' _ gs
¥ cosT .
%.2 - ! et -1 = °s2 dgs - (BB)
Z .+ Kl cos T o :
where : - '
g L G . tenT
tan T 2 tan B
K =' V, - V tan‘r.- sinT
1 (ho Yo )
o &% |
Ep=082 5 .
W/l _ ‘
Kq = . .
and 3 S\KKQ“ -

b =K cosT - - L
LVV + K, cost z + K cosT
o J
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After chine immersion has occurred,

o = Csgn N (B7)

b - | “Sch ' :
fo K (:,92 _d,gs = A - c:s2 d,gs + gsche(ﬁs ."-_;Ech) (BB)

Time-history solution.- For the generval case of impacts at
positive trim, it is not necessary to compute u since the only

section characteristics required are the variation of ¢y with _CB

’ 8 . : R : . .
and a plot of f c‘s2 df s =geinst ¢ (see fig. 6). After the
o] . - ' ' -
section characteristice have been calcylated for e particular float,
time-history solutions may be obtailned for as many impact condltions

-. a8 may be desired by a procedure similar to that previously dlscussed:

(1) Cealculate the constants from the initial conditions.

(2) Substitute successive arbitrary values of the velocity

]
8
2 §Vv into equation (B6), solve for the value of / cE2 at s,
o 0
and obtain the corresponding megnitudes of ¢4 and {, from the
N . . ' " - s
- ch

curves. A calculated value of the Integral greater than 052 at g

indicates that the veloclty substituted corresponds to & time after

chine lmmersion has occurred and vequires the substitution of (BT7)
. ‘ 8 h

c o 2

and (B8) in equation (BE).  After chine immersion o

at . is
| | 0 8
a constent and {, may be calculated directly from equation (B6).
(3) Calculate 2z = §S cos T.

(4) With the varisbles calculated above, solve equation (B5)
fOI‘ 2- T e g . L .

(5) After a sufficient number of simultaneous values of displace=~
ment, velocity, and acceleration to define the motion during the impact
have been calculated, integrate the variation of 1/ with z to
obtain the time after contect at which each combination of the
variables occurs.
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Figure §. — Calkulated variatiorn of u(c) with welled

semwidth for scalloped cross section.
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Figure 7.— Calculated and experimental fime

history of hydrodynamrc impact load on
scalloped -bottom float Vertical impact; smooth
warter; W=/350 pounds; Vi, = 104 feet per second;
Vhp=O feet per second; 7=0°.
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Figure 9.— Calewlated and experimental Fime histories
of vertical motion during rmpact of scalloped-
bottom float. Smooth waler; W =/250 pounds;
W,=2.7T feel per second; Vh,= 55.56 feet per second;
7 =37
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Figure 10.~ Calculated and experimental fime history of
hydvodyrarmic  impact load orn scalloped botforr
float Smooth water; W=1350 poundls; W,=6.96 feel
per second; Wh,=68.75 Feet per second; T=7°
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Figure 1. Calculated and experimental fime history
of hydrodynamic impact load on scalloped/-
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Figure 13.- Calculated and experimental time

history of hydrodynamic impoct load on
scalloped - bot tom Float.  Rough water;
W=1350 pounds; VVo =29/ feel per second;
l/,,o =55.84 feel per second; T=7% wave
height =2 feet; wave length =60 feet;

Vi =142 Ffeet per second; 6=47
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Figure 14.-Comparison of colculated and experimenial
f1ime histories of hydrodynarmic lead on scalloped-
boftorm float for impacts 1n smooth and rough wolter
with . similar Flight conditions. W=1350 pounds; 7= 77



